We propose LPDD (Lifetime Prediction Directed Diffusion), a novel energy-aware routing protocol for sensor networks that aims at increasing network survivability without a significant increase in latency. The key concept behind the protocol is the adaptive selection of routes by predicting the battery lifetime of the minimum energy nodes along the routes. key words: sensor networks, energy-aware routing protocol, lifetime prediction directed diffusion
Introduction
Energy for wireless sensor networks is a scarce resource and has to be managed intelligently in order to increase the network lifetime for the duration of a particular mission [1] - [3] . The design objectives of energy-aware routing protocols include selecting energy-efficient paths and minimizing the number of hops for transmissions. The direct diffusion(DD) routing protocol [4] was proposed to find the routing path with minimum energy to transmit data. However, the potential problem in this protocol is that using the minimum energy route may lead to energy depletion of the nodes on that path, and in the worst case may lead to network partition. To counteract these problems, we propose LPDD (Lifetime Prediction Directed Diffusion), a novel energyaware routing protocol that aims at maximizing the network lifetime without a significant increase in latency. In this paper, we define the network lifetime as the timespan until network partitions occur.
Lifetime Prediction Directed Diffusion
LPDD is a reactive routing protocol. As it is based on a query-driven on demand data model, a sink node queries sensor nodes if a specific data is available by flooding some tasks.
The key concept behind the proposed protocol is that to increase network survivability, it may be necessary to adaptively use paths selected on the basis of the residual energy of the routes, even if the path may not be optimal. Such paths are selected by predicting the battery lifetime of each node along the routes without any actual message transmissions to gather information about the residual energy of the nodes. This ensures that the sensor network will survive for as long as possible, and nodes in the network will consume energy more equitably. To achieve this, LPDD maintains a set of paths between the sink and the source in ascending order of the total number of hops and determines the minimum energy nodes on those paths. After using the first minimum energy route for a certain threshold time T , LPDD then switches the routing path to the next minimum energy route without message flooding for rediscovery. LPDD thereby allows for more equitable use of node resources. The threshold time T is calculated as a percentage of the predicted battery time of the minimum residual energy node along the route. To determine T , we adopt Rakhmatov's model [5] , which allows LPDD to accurately predict the battery time-to-failure for a given load. The actual parameters are selected and verified experimentally using IEEE 802.15.4 compliant MICAz Mote modules [6] . LPDD protocol is comprised of three steps:
• Step 1: Localized flooding is performed to find a set of routes from the source to the sink and create a routing table. While doing this, the total number of hops and the minimum residual energy node on each path are calculated. This information is collected and then maintained in the routing table of the sink node in ascending order of the number of hops.
• Step 2: The battery lifetime of the minimum energy node on the minimum energy path is predicted using Rakhmatov's model. When T is determined, data is sent from the source to the sink using that route.
• Step 3: After T has passed, if there is no route left in the routing table, the protocol returns to Step 1. Otherwise, the next minimum energy path is set as the minimum energy route and we return to Step 2.
As an example, let us consider a case where three paths from the source to the sink are determined during Step 1, as depicted in Fig. 1 . These paths are listed in ascending order of the number of hops, i.e. A, B and C, in the routing table of the sink node. In addition, the information about the minimum residual energy node on each path is also stored in the routing table entries. Data is then sent from the source to the sink using the information from Step 1. For example, the source node sends the data packet using path A first, since it has the minimum number of hops. After using path A for a threshold time T calculated by Rakhmatov's model, LPDD selects the next route (i.e. path B) in the routing table.
If there are no more routes left in the routing table, LPDD restarts from Step 1.
Experimental Evaluation
To evaluate the performance of the proposed algorithm, it is modeled and simulated using NS-2 (Network Simulator) [7] . For the simulation it is assumed that 100 wireless sensor nodes are deployed in a 670 m × 670 m region. Figure 2 indicates the hop count on the path selected by DD and LPDD. Since DD selects the minimum energy path all the time, the number of hops on the path is about 17% less than that of LPDD. This means the average transmission delay using DD would accordingly be 17% shorter than that of LPDD. Figure 3 shows the estimated lifetime of a sensor network that adopts LPDD with varying the threshold time, T . Note that if T is set to 100%, LPDD acts in the same manner as DD as shown in Fig. 3 . The lifetime of the whole network can be extended by LPDD because LPDD predicts the battery lifetime of the minimum energy node and adaptively changes the communication path to prevent exhausting a particular node on that path. As shown in Fig. 3 , the network lifetime can be maximized when T is set to 40% of the remaining battery power. To the best of the authors' knowledge, LPDD constitutes the first attempt to adaptively use multiple paths based on the predicted battery lifetime of sensor nodes. The extensive simulation results presented here reveal that the proposed protocol yields increased network lifetimes of up to 52% over comparable protocols such as the directed diffusion routing protocol, without a significant increase of latency.
Conclusions
This paper proposes an adaptive routing algorithm, LPDD, which aims at increasing the lifetime of sensor networks. wLPDD predicts the battery lifetime of sensor nodes using an analytical model and changes the routing path adaptively to maximize the survivability of the sensor networks. Simulation results show that the network lifetime can be extended by up to 52% longer than that in the case of application of DD routing protocol with only less than 17% of additional communication latency.
